This review introduces the pathology of aminoglycoside antibiotic and the cisplatin chemotherapy classes of drugs, discusses oxidative stress in the inner ear as a primary trigger for cell damage, and delineates the ensuing cell death pathways. Among potentially ototoxic (damaging the inner ear) therapeutics, the platinum-based anticancer drugs and the aminoglycoside antibiotics are of critical clinical importance. Both drugs cause sensorineural hearing loss in patients, a side effect that can be reproduced in experimental animals. Hearing loss is reflected primarily in damage to outer hair cells, beginning in the basal turn of the cochlea. In addition, aminoglycosides might affect the vestibular system while cisplatin seems to have a much lower likelihood to do so. Finally, based on an understanding the mechanisms of ototoxicity pharmaceutical ways of protection of the cochlea are presented.
INTRODUCTION
Many therapeutics can be classified as ''ototoxic,'' that is, having side effects on the inner ear. More specifically, they can be ''cochleotoxic'' (affecting the hearing organ) or ''vestibulotoxic'' (affecting balance). Despite their potential ototoxicity, such drugs remain in current use, either because the risk of damage to the ear is small, or because there simply are no comparable alternatives.
Historically, cochlear and vestibular complications have been experienced by patients and recorded by clinicians for centuries, but it was not until the 1940s that ototoxicity caught widespread awareness. At that time, the first aminoglycoside, streptomycin, was discovered by Selman Waksman and his graduate student, Albert Schatz (Schatz et al., 1944) , and introduced as a highly successful drug against tuberculosis. Within a short time, it became obvious that many patients suffered vestibular and hearing deficits, as well as kidney problems (Hinshaw and Feldman, 1945) . The ensuing years saw the introduction of further natural and semisynthetic compounds in search of improved aminoglycosides, but side effects remained associated with all of them. Today, aminoglycosides remain in widespread use as broad-spectrum antibiotics, including specific applications against life-threatening sepsis, Mycobacterium tuberculosis, and opportunistic pulmonary Pseudomonas infections in cystic fibrosis patients. Arguably, however, the largest market for aminoglycosides is in developing countries. The drugs offer the benefits of being extremely inexpensive to produce, having broad-spectrum efficacy against most infections, causing a relatively small incidence of allergic reactions, and being easily accessible, in many areas even without a prescription. The advent of aminoglycoside antibiotics was considered a crowning achievement in medicine and earned Waksman the Nobel Prize in 1952.
Unlike the immediate recognition of aminoglycoside antibiotics as efficacious antibacterial drugs, the discovery of cisplatin as an effective anticancer agent was an accidental one. Cisplatin was already synthesized in 1845 by Peyrone, earning it the common name of Peyrone's salt. Over 70 years later, Barnett Rosenberg discovered the biological application of cisplatin while studying the effects of electric fields on bacterial growth, deducing that the platinum compounds from his electrodes were inhibiting cell division (Rosenberg et al., 1965 ). He and his coworkers then demonstrated cisplatin as a successful antitumor agent in rats and mice, efficacious against advanced tumors and tumors resistant to other drugs (Rosenberg et al., 1969) . Today, cisplatin is used singly or in combination therapy, especially in the treatment of head, neck, lung, bladder, cervical, ovarian, testicular, and gastrointestinal cancers, as well as malignant gliomas and metastatic cancers such as metastatic melanoma, mesothelioma, and those of the prostate and breast (Boulikas and Vougiouka, 2004) . The later synthesized platinum-based antineoplastic agents carboplatin and oxaliplatin are indicated in limited applications: carboplatin against specific types of breast cancer and in combination therapy against lung cancer, oxaliplatin in combination therapy against colorectal cancer. Cisplatin is considered the most ototoxic in this class, but is up to 45 times more effective against certain neoplasms than carboplatin and oxaliplatin.
This review is dedicated to the detailed discussion of cisplatin and aminoglycosides but we should not neglect to mention other ototoxins. Salicylate (aspirin) has long been associated with elevated hearing threshold and tinnitus (ringing in the ear), two effects that disappear with cessation of drug intake. Loop diuretics such as furosemide, ethacrynic acid, and bumetanide have transient side effects on the inner ear given singly, but create disastrous repercussions in combination with aminoglycoside antibiotics. Recently, observational evidence has earned some phosphodiesterase inhibitors (such as Cialis, Viagra, Revatio, and Levitra) a safety warning that administration may be associated with sudden hearing loss and/or vestibular disturbances (Maddox et al., 2009 ). Other potentially ototoxic substances include organometals such as organotins and mercury preparations, as well as solvents such as toluene and styrene used in industrial settings, putting workers at risk for auditory side effects.
DRUG ACTIONS AND REACTIONS

Mechanisms of action as therapeutic agents.
Cisplatin forms stable covalent bonds by an alkylationlike reaction with nuclear DNA. Guanine is an especially susceptible target at the 7-nitrogen atom where cisplatin forms interstrand and intrastrand crosslinks (Rozencweig et al., 1977) ; the intrastrand crosslinks appear to determine the cytotoxicity of cisplatin for tumors (Wang and Lippard, 2005) . High mobility group (HMG) proteins recognize and bind to DNA at the 1,2-d(GpG) crosslinks, and a ternary complex of cisplatin-DNA-HMGB1 can block transcription factors, thereby preventing both transcription and replication. This action, in turn, may send out DNA damage signals that trigger apoptosis. Contravening this therapeutic action, intrastrand crosslinks can be removed by cellular repair mechanisms, for example, nucleotide excision repair (McHugh et al., 2001 ), which appears to be important in controlling cisplatin sensitivity of tumors. Testicular tumors, which are highly sensitive to cisplatin, exhibit low levels of mRNA for the DNA repair enzymes XPA and ERCC1-XPF (Rabik and Dolan, 2007) . The fate of a particular cell toward cell survival or apoptosis following cisplatin-induced DNA lesions therefore depends on its tolerance of the insult and its ability to repair (Liedert et al., 2006) .
In contrast, aminoglycoside antibiotics therapeutically target prokaryotic cells rather specifically and exert their antibacterial effects mainly through an inhibition of protein synthesis. The drugs bind to the A-translational site of the 16S rRNA of the 30S ribosomal subunit and cause an increased misreading of the mRNA. The resultant accumulation of dysfunctional proteins leads the cell into stress response, and eventually into death. Aminoglycosides are rendered inactive by resistant bacteria through enzymatic reactions of acetylation, phosphorylation, or adenylation. Different aminoglycosides have different susceptibility to these inactivating enzymes, which allows for effectiveness of combination therapy against resistant strains of bacteria.
Although prokaryotic and eukaryotic ribosomes are structurally distinct, aminoglycosides do interact with mammalian ribosomes, albeit to a lesser degree, which is exploited in stop codon suppression therapy and constitutes a risk factor in the case of the sensitizing mitochondrial ''1555 mutation,'' discussed later. ''Stop codon suppression'' is an emerging application for aminoglycoside antibiotics in the therapy of genetic disorders. Close to 20% of human genetic disorders are caused by premature stop codons created by point mutations in the DNA sequence, leading to some forms of cystic fibrosis, Duchenne muscular dystrophy, Hurler syndrome, hemophilia A, and others (Kaufman, 1999) . Aminoglycosides may cause a slight ''misreading'' of such disease-causing incorrect codons, thereby overriding the ''stop'' message and restoring the synthesis of functional proteins, generally to a small extent but sufficient to alleviate symptoms. Clinical trials involving patients with Duchenne muscular dystrophy have confirmed the utility of this approach (Wagner et al., 2001; Malik et al., 2010) . The dilemma is to balance the therapeutic efficacy with the potential ototoxicity; novel ''designer aminoglycosides'' have been introduced attempting to maximize stop codon suppression and minimize side effects (Nudelman et al., 2009 ).
Side effects. Clinical experience to date has found the most severe effects of cisplatin administration to be on the kidney, affecting as much as one third of patients (Taguchi et al., 2005) while aminoglycosides cause nephrotoxicity in about one-fifth of patients (Swan, 1997) . Chemotherapy can be limited by these side effects.
Other adverse actions of cisplatin may include neurotoxicity, thrombocytopenia, leukopenia, anorexia, nausea, and vomiting. Of those, neurotoxicity tends to be problematic, causing tingling sensations and numbness in the extremities, and possibly progressing even after treatment has ceased (Grunberg et al., 1989) .
Both cisplatin and aminoglycosides actively accumulate in the kidneys, aminoglycosides localizing to the proximal tubules. The mechanism of accumulation is unknown, but is thought to be by way of carrier-mediated transport in the case of cisplatin, and likely by way of the glycoprotein transporter megalin in the case of aminoglycosides (Moestrup et al., 1995; Kawai et al., 2005) . Cell death is evident in the proximal and distal tubules and in the loop of Henle after administration of either drug, resulting in risk of acute renal failure. Organ failure appears to be owed to decreased kidney perfusion and, in the case of aminoglycosides, tubular obstruction, and reduced glomerular filtration (Lopez-Novoa et al., 2011) .
The severity of ototoxicity varies among the aminoglycosides: neomycin is considered highly toxic; gentamicin, kanamycin, and tobramycin somewhat less; and amikacin and netilmicin are regarded as the least toxic. Their adverse actions manifest as either vestibulotoxicity, cochleotoxicity, or both, while cisplatin appears to be exclusively cochleotoxic. Predisposition to harm the cochlea or the vestibular system also varies with the type of aminoglycoside and their preference is not related to any site-specific uptake mechanism or to drug levels in the cochlear and vestibular tissues (Dulon et al., 1986) . Amikacin and neomycin tend to primarily affect the cochlea, whereas gentamicin tends to be quite vestibulotoxic. Indeed, the severity of gentamicin-induced vestibulotoxicity is the basis of vestibular ablation for treatment of Menière's disease (Blakley, 1997) .
Hearing loss induced by cisplatin or aminoglycosides is generally bilateral and begins at high frequencies, extending to lower frequencies with prolonged treatment. Vestibulotoxicity of aminoglycosides can manifest as loss of balance with or without vertigo. Symptoms are usually delayed days or weeks after commencement of therapy and can continue to progress when treatment has been discontinued. An exception to this temporal progression may be seen in in-patients with specific risk factors. For this group of patients, hearing loss can occur very rapidly, sometimes because of only one dose of the drug, as discussed later.
Incidence of adverse effects. The incidence of drug-induced hearing-loss is often underreported because of high-frequency hearing loss that would not interfere commonly with communication, and therefore might not even be noticed by patients. Estimates of the incidence of hearing and balance deficits from aminoglycosides vary widely between clinical studies. This is owed to the varying treatment durations and doses, patient populations, and hearing assessment techniques employed, as well as the definition of ''hearing loss.'' By and large, however, aminoglycosides incur about a 20% incidence of auditory and a 15% incidence of vestibular disturbances in short-term treatment (Fee, 1980; Moore et al.,1984; Lerner et al., 1986) . Testing at higher frequencies that exceed those utilized in routine audiograms (>8 kHz) reveals greater proportions of losses (47% of patients treated; Fausti et al., 1992) . Furthermore, audiologic follow-up with patients in many studies may not be protracted enough to identify additional damage that occurs long after treatment (Einarsson et al., 2010; Einarsson et al., 2011) . For patients with cystic fibrosis that receive repeated prophylactic treatments with aminoglycosides against pulmonary infections, reports of cochleotoxicity cover a wide range, but may be nearly 17% (Mulheran et al., 2001) . The incidence of ototoxicity in tuberculosis patients is time dependent and dose dependent. It may be low during the initial phase of therapy, but prolonged treatment with aminoglycosides for 6-12 months will lead to a measurable hearing loss in all patients (Duggal and Sarkar, 2007) . Cisplatin therapy appears to be associated with a consistently higher occurrence of hearing deficits. Some studies estimate the incidence as high as 90%-100% (Benedetti Panici et al., 1993) .
Risk factors. While ototoxic side effects are largely determined by dose and duration of treatment, several risk factors influence individual susceptibility. Diet and nutritional status can confer risk for both cisplatin and aminoglycoside therapy (Garetz et al., 1994) and patients with hypoalbuminemia and anemia may develop more profound hearing loss than those with normal levels of albumin and hemoglobin (Blakley, 1997) . This is particularly relevant for cisplatin treatment as hypoalbuminemia is very common in cancer patients, one study finding 82% of cancer patients in the ICU to have albumin levels below the normal range (Namendys-Silva et al., 2011) . Anemia can also be caused by particular cancers that interfere with hematopoiesis, as well as by certain cancer treatments.
Other factors that enhance the risk of cisplatininduced hearing loss include renal insufficiency, preexisting hearing losses, noise insults, cranial irradiation, as well as cotreatment with other drugs such as vincristine (Bokemeyer et al., 1998) . In the case of aminoglycosides, concomitant treatment with ethacrynic acid can cause a precipitous hearing loss (Mathog and Klein, 1969) and exposure to intense noise may also aggravate ototoxicity. Finally, owing to changes in metabolism and organ function, young children and the elderly are more susceptible to ototoxicity from cisplatin (Laurell and Jungnelius, 1990; Li et al., 2004) . Such a connection has not been confirmed for aminoglycosides, but animal studies suggest an enhanced sensitivity around the onset of cochlear functional differentiation in utero (Raphael et al., 1983) .
Genetics and hearing loss. The pharmacological efficacy as well as the side effects of drugs is influenced by uptake and excretion, as well as drug metabolism and detoxification mechanisms. Variations in these parameters are controlled by the genetic make-up of the individual. It is therefore not surprising that genetic factors modulate the ototoxicity of both cisplatin and aminoglycoside antibiotics. The pharmacogenomics of cisplatin-induced ototoxicity has been recently reviewed (Mukherjea and Rybak, 2011) so that a brief account may suffice here.
Glutathione S-transferases (GST) are crucial enzymes in detoxification, catalyzing the conjugation of potentially damaging electrophiles, such as cisplatin, with glutathione in an innate protective mechanism. GST proteins are expressed in the inner ear (el Barbary et al., 1993) and polymorphisms of genes coding for these proteins, primarily GSTM1, GSTP1, and GSTT1, have been implicated in modulating the response to cisplatin ototoxicity. In a study of 173 testicular cancer survivors treated with cisplatin, GSTP1 polymorphisms AA or AG were found in 145 patients, of whom 34 (23.4%) reported severe hearing loss. Of 28 patients with the protective GSTP1 GG only two patients (7%) had hearing loss. In contrast, the presence of GSTM1 was associated with heightened susceptibility to cisplatininduced hearing impairment (Oldenburg et al., 2007) .
Associations between genetic variants and cisplatin ototoxicity were also found for thiopurine S-methyl transferase (TMPT) and catechol-O-methyl transferase (COMT). An increasing number of TMPT and COMT risk alleles correlated with earlier onset and greater severity of cisplatin-induced hearing loss (Ross et al., 2009 ). Both of these enzymes are methyl-transferases that utilize S-adenosylmethionine as a methyl donor in methionine synthesis. Ototoxicity may be linked to increased S-adenosylmethionine levels caused by reduced enzyme activity of TMPT and COMT but an exact mechanism remains to be established. A novel gene, COMT2, has been reported to code for the enzyme COMT2, a unique isoform of COMT. COMT2 is expressed in the inner and outer hair cells of the cochlea (Du et al., 2008 ) and a concomitant loss of COMT function may promote cisplatin ototoxicity (Pussegoda, 2010) .
Mutations in the mitochondrial genome are also welldefined risk factors in cisplatin-induced and aminoglycoside-induced cochlear damage. In a group of 20 cancer survivors with cisplatin-induced ototoxicity, five were found to cluster in a rare European mitochondrial single nucleotide polymorphism associated with Leber's Hereditary Optic Atrophy (Peters et al., 2003) . Quite striking is the effect on aminoglycoside ototoxicity of the A1555G mutation in the 12S ribosomal RNA (Prezant et al., 1993) whose carriers may sustain profound deafness after a single injection. This mutation pervades all geographic and ethnic groups (reviewed by FischelGhodsian, 2005) and may account for deafness in about 20% of patients with aminoglycoside ototoxicity. Patients with the A1555G genotype may also develop spontaneous nonsyndromic deafness. Several other mitochondrial mutations identified contribute an additional, however relatively small, risk of hearing deficits. It is interesting to note that mutations that increase susceptibility to aminoglycoside-induced hearing loss appear to alter the morphology of the mitochondrial 12S ribosomal subunit such that it is structurally more similar to the bacterial ribosomal RNA and thus becomes a better target for aminoglycoside-induced protein misreading (Matt et al., 2012) . Evidence, however, whether protein synthesis is indeed affected in the cochlea in vivo remains indirect. Intriguingly, the vestibular system is not involved in the enhanced response to aminoglycosides (Tono et al., 2001) , leaving the question unresolved on how the mutation interacts with proposed mechanisms of toxicity.
Pathology of inner-ear damage. The cochlear and vestibular pathology of aminoglycoside-induced ototoxicity has been long established through the study of human temporal bones. In both organs of the inner ear, the hair cells are accepted as the primary targets of damage underlying the loss of function (Causse et al., 1949; Ruedi, 1952 ; review of early studies by Hawkins, 1976) . In the organ of Corti, the pathologies of cisplatin and aminoglycoside ototoxicity are remarkably similar. Outer hair cells are generally the most susceptible to damage and are affected gradually from the base of the cochlea to its apex (Hawkins, 1976; Schuknecht, 1993) . This pattern of pathology leads to an initial hearing loss of high frequencies, which are processed in the base, followed by a progressive loss into lower speech frequencies. In addition, the drugs induce a lateral gradient of damage as well, with hair cell death occurring in the first row (innermost) of outer hair cells first, followed by the second and third rows as the lesion progresses (as seen in Fig. 1 ). Inner hair cells are more resistant and they usually disappear only after outer hair cells in the vicinity have been completely ablated.
Additionally, aminoglycosides induce vestibulotoxicity. Investigations of vestibulotoxicity, in fact, preceded those of cochleotoxicity (Causse et al., 1949) , since the first aminoglycoside introduced into clinical practice, streptomycin, was primarily vestibulotoxic. Deficits in the vestibular organ are mostly due to loss of type I and type II hair cells. In contrast, studies of human temporal bones after cisplatin treatment agree that the cells of the vestibular system are spared (Wright and Schaefer, 1982; Strauss et al., 1983; Schuknecht, 1993; Hinojosa et al., 1995; Hoistad et al., 1998) .
The hair cells are not the only drug targets. Aminoglycosides have documented effects on the stria vascularis (Ruedi, 1952) , including thinning of the tissue and a decrease in the number of marginal cells (Hawkins, 1973) . Degeneration of spiral ganglion cells after aminoglycoside treatment appears largely to be a sequel to the loss of hair cells that the ganglia innervate (Hawkins, 1976; Johnsson et al., 1981) and continues even long after treatment has ended (Webster and Webster, 1981; Leake and Hradek, 1988) . Adding to the complexity of the pattern of damage, some studies suggest that spiral ganglia can be affected without obvious insult to the hair cells (Hinojosa and Lerner, 1987; Sone et al., 1998) , while the spiral ganglia of some subjects completely deafened by aminoglycosides have been found intact (Nadol, 1997) . The underlying mechanisms of such variability are not known, but we may deduce from animal experimentation that neurotrophic factors regulating development and maintenance of neurons may be involved and vary between individuals. Spiral ganglion cells can likewise be affected by cisplatin. A recent study reported a case of a child who lost benefit from his cochlear implant following cisplatin therapy, despite a decade of successful adaptation of the device before treatment (Harris et al., 2011) . As a cochlear implant relies on a functional auditory nerve, this case implies a direct effect on the spiral ganglia.
Studies in several animal models (including mice, rats, chinchillas, gerbils, and hamsters) have confirmed and expanded the observations from human temporal bones. Systemic application of either drug leads to loss of outer hair cells, beginning in the basal region of the cochlear spiral (Fig. 1) . Correspondingly, auditory deficits manifest as high-frequency hearing loss that progresses to lower frequencies with increasing dose or duration of treatment. Other changes include deterioration of distortion product otoacoustic emissions corroborating dysfunction of outer hair cells (Alam et al., 2000) , as well as elevation of compound action potential and cochlear microphonic output (van Ruijven et al., 2005a) . With more prolonged treatment, lesions spread to other cell types, eventually replacing the entire cochlear sensory epithelium with a layer of nonspecialized epithelial scar tissue (Hawkins, 1976; Estrem et al., 1981; Laurell and Bagger-Sjoback, 1991 ). An additional hallmark of cisplatin ototoxicity is a reduction in endocochlear potential, suggesting dysfunction stria vascularis (Ravi et al., 1995; Klis et al., 2000; Tsukasaki et al., 2000) . Indeed, the stria vascularis in the basal turn may show edema, bulging, and depletion of intracellular organelle concentrations. These changes occur primarily in the marginal cells, although some effects are seen in intermediate cells as well (Meech et al., 1998; Campbell et al., 1999) . Aminoglycosides do not induce changes in endocochlear potentials during early phases of treatment (Davis et al., 1958; Komune et al., 1987) and may only do so after extensive treatment leading to significant atrophy of the stria vascularis. It appears that some strial changes can also happen in the absence of hair cell damage (Forge and Fradis, 1985) . As another target of cisplatin treatment, the myelin sheaths of type I spiral ganglion cells detach, again corroborating findings from clinical experience. In guinea pigs, the changes to these nerve cells occur in parallel with losses of outer hair cells (van Ruijven et al., 2005a) .
Pharmacokinetics and cellular uptake. Following systemic injections, more than 90% of cisplatin is rendered biologically inactive through binding with serum proteins (Gormley et al., 1979) . About 25% of administered cisplatin is eliminated from the body during the first 24 hr, with renal clearance accounting for more than 90% of this elimination. The remaining cisplatin collects largely in the liver, kidneys, and intestines, with minimal penetration of the central nervous system (Vermorken et al., 1984) . Consistent with the ototoxic damage incurred in the cochlea, platinated DNA has been localized to the nuclei of outer hair cells, marginal cells of the stria vascularis and the cells in the spiral ligament (Van Ruijven et al., 2005b) .
Cellular uptake of cisplatin seems to be tied to the active regulation of intracellular copper and platinum concentrations. Tumor cells with mutations or deletions in copper transporter genes controlling drug efflux (ATP7B and ABCC2) and drug uptake (Ctr1) are resistant to cisplatin treatment. Moreover, copper and cisplatin can prevent the uptake of each other (Ishida et al., 2002) . In the mouse cochlea, Ctr1 is highly expressed and localized to the main sites of cisplatin toxicity, namely the outer hair cells, inner hair cells, stria vascularis, and spiral ganglia. The intratympanic administration of copper sulfate before the intraperitoneal administration of cisplatin prevented hearing loss in mice (More et al., 2010) . Organic cation transporters (OCTs) that are present in both kidney and inner ear (Ciarimboli et al., 2010 ) also contribute to cisplatin uptake. Coadministration of the organic cation cimetidine to mice treated with cisplatin protected against ototoxicity and nephrotoxicity. Likewise, no ototoxicity and only mild nephrotoxicity were found in OCT1/2 double-knockout mice.
Unlike cisplatin, aminoglycosides exhibit negligible binding to serum proteins. Following systemic treatment, they reach peak plasma levels by 30-90 min and their plasma half-life ranges from 2 to 6 hr. The drugs are excreted by the kidneys essentially unaltered at a rate roughly proportional to the glomerular filtration rate. Aminoglycoside antibiotics enter the inner ear within minutes after an injection via the bloodstream and may reach steady-state levels as early as after 1 1 =2-3 hr (Tran Ba Huy et al., 1986) . Drug concentrations in the inner ear remain about one-tenth of peak serum levels (Henley and Schacht, 1988) but are less efficiently eliminated from the inner ear than from serum. Clearance from the inner ear is biphasic and the half-life of the second phase may exceed 30 days (Tran Ba Huy et al., 1986) . Even 11 months after cessation of treatment, traces of gentamicin were found in hair cells (Dulon et al., 1993) . This difference in half-life between serum and cochlear tissues gives the appearance of an accumulation of aminoglycosides in the inner ear after time, which was formerly thought to account for the organ specific toxicity of these drugs. That theory, however, is rendered tenuous by the fact that inner ear concentrations reached by different their preference for vestibular or cochlear toxicity (Dulon et al., 1986) . There is also no correlation between uptake and toxicity to certain cell populations. While a rapid uptake into the cochlea, primarily the sensory cells, can be observed (Dai et al., 2006) , there is also a widespread distribution of aminoglycosides into other cells and tissues of the inner ear (Imamura and Adams, 2003; reviewed in Steyger, 2005) . This absence of a uptake/toxicity relationship suggests that hair cells may have an intrinsic susceptibility to aminoglycoside antibiotics, as described later (Sha et al., 2001) .
Studies of the mechanism of aminoglycoside uptake into cells point to the possibility of multiple modes of entry, perhaps in a cell-dependent manner. The glycoprotein megalin has been strongly implicated in renal transport (Moestrup et al., 1995) , but the pattern of megalin expression in the inner ear does not correlate with the pattern of uptake and damage from aminoglycosides. In fact, megalin may be entirely absent from outer hair cells, the primary target of toxicity. (Ylikoski et al., 1997; Mizuta et al., 1999) . Endocytotic uptake at the apices of hair cells was suggested by early observations of lysosome accumulation in the subcuticular portion of hair cells soon after systemic treatment of guinea pigs with kanamycin (Darrouzet and Guilhaume, 1974) and later observations confirmed aminoglycosides appearing initially at the apical ends of hair cells in different species (de Groot et al., 1990; Hiel et al., 1992; Hashino et al., 1997) . Further evidence that aminoglycosides may enter the hair cells in the apical region is the ostensible involvement of myosin VIIA (Richardson et al., 1997) , which regulates the turnover and trafficking at the apical plasma membrane of hair cells, but not the basolateral membrane. Compellingly, explants from the inner ear of myosin IIVA mutant mice do not take up aminoglycosides in vitro. Other suspected mechanisms include polyamine-like transport, due to the polyamine-like nature of the drugs (Williams et al., 1987) and vesicular receptor-mediated transport at the base of hair cells (Lim, 1986) .
Specific ion channels in hair cells offer another potential pathway of entry (Marcotti et al., 2005) . Several channels of the TRP (transient receptor potential) class are aminoglycoside permissive (trpp1, trpa1, and trpv4; Steyger, 2005) , most specifically perhaps TRPA1 channels (Stepanyan et al., 2011) . A recent study provided further evidence that functional hair cell mechanotransducer channels are required for aminoglycoside ototoxicity (Alharazneh et al., 2011) . However, despite a postulated causal relationship between the developmental onset of mechanoelectrical transduction with onset of sensitivity to aminoglycosides, these events have been established as independent in the zebrafish lateral line (Santos et al., 2006) . Furthermore, uptake via mechanotransduction channels would be hair cell specific, leaving other uptake options open for nonsensory cells.
It is interesting to note that ototoxicity has also been attributed, at least in part, to the inhibition of potassium channels by aminoglycoside-induced depletion of phosphoinositides (Leitner et al., 2011) . This suggestion is intriguing, considering the early hypotheses of an involvement of these lipids in ototoxicity based on the fact that aminoglycoside antibiotics strongly bind phosphoinositides (Schacht, 1979) and more recent observations that they deplete phosphatidylinositol trisphosphate in hair cells of mice after in-vivo treatment (Jiang et al., 2006b ).
Biochemical and metabolic pathology. In addition to its therapeutic action of binding to nuclear DNA, cisplatin also interacts with variety of other molecules (Bose, 2002) and disrupts microtubule formation and the cellular cytoskeleton (Gonzalez et al., 2001; Fuertes et al., 2003) . Of potential import is the binding to glutathione and other sulfhydryl-containing molecules, such as metallothioneins, which can lead to an impairment of cellular detoxification mechanisms. Aminoglycosides likewise interact with a host of cellular constituents and metabolites. One of the earliest effects to be noted was that of a competitive antagonism with calcium evidenced as neuromuscular block (Vital-Brazil and Corrado, 1957) . Tetany is even today a potential, albeit rarely observed, complication of aminoglycoside therapy (Thakur, 2008) . However, many of the described actions may be inconsequential in the pathology of ototoxicity and the prevailing opinion to date is that the formation of reactive oxygen species (ROS) is a major cause that underlies the undesired side effects of both cisplatin and the aminoglycoside antibiotics.
Maintaining homeostasis, a controlled intracellular environment in the face of external challenges, is a crucial process in preserving cell integrity and survival. In the context of drug ototoxicity, the challenge lies in the defense against drug-induced ROS that would create a redox imbalance. ROS are normally present in low concentrations in all cell types as signaling messengers or as metabolic byproducts. Their potentially detrimental oxidative action on cell constituents is limited by intrinsic protective mechanisms such as antioxidant molecules (e.g., glutathione) or enzymes (e.g., catalase, superoxide dismutase, and peroxidases). Excessive ROS production may lead to exhaustion of such defenses and a redox imbalance that may trigger cell death pathways.
Cisplatin generates ROS, as shown in cochlear tissue explants (Clerici et al., 1996; Kopke et al., 1997) . Specifically, the superoxide anion has been detected (Dehne et al., 2001) , which may also be involved in nephrotoxicity (McGinness et al., 1978) . Additional support for the formation of ROS is offered by the detection of 4-hydroxynonenal in the cochlea after cisplatin treatment (Lee et al., 2004) , as well as malondialdehyde , both indicators of lipid peroxidation. The precise details of ROS generation from cisplatin treatment are speculative, but it appears that NOX3, an isoform of NADPH oxidase that catalyzes the formation of superoxide, plays a significant role ( fig. 2) , at least in part, in hair cell damage (Mukherjea et al., 2006) . NOX3 was upregulated in the rat cochlea following systemic cisplatin administration and in vitro after cisplatin application to cochlear cell lines derived from the immortomouse. Linking NOX3 to ototoxicity, the local application of siRNA before systemic cisplatin administration prevented its upregulation in the rat cochlea and protected against hair cell damage and hearing loss (Mukherjea et al., 2010) . Another candidate for superoxide generation is xanthine oxidase. Although an increased activity of this enzyme in the cochlea has not been directly demonstrated, partial protection against cisplatin is afforded by allopurinol, a xanthine oxidase inhibitor (Lynch et al., 2005a, b) . Because of the increased formation of ROS, glutathione and antioxidant enzymes, such as catalase, superoxide dismutase, glutathione peroxidase, and glutathione reductase, are depleted in cochlear tissues (Ravi et al., 1995; Rybak et al., 2000) .
Aminoglycosides, likewise, promote the formation of ROS, albeit not necessarily the same species and by the same reactions. ROS and their reaction products have been observed in explanted tissues as well as in vivo (Lautermann et al., 1995; Clerici et al., 1996; Hirose et al., 1997) and both nonenzymatic and enzymatic mechanisms have been suggested for their generation. Gentamicin may act as an iron-chelator, forming a redox-active complex by stabilizing iron intermediates and thereby reducing molecular oxygen to superoxide radicals using electrons provided by available polyunsaturated fatty acids (Priuska and Schacht, 1995) . ROS may also be generated by enzymatic pathways, akin to the stimulation of NADPH by cisplatin. Aminoglycosides affect signaling pathways linked to RhoGTPases (Jiang et al., 2006b ), which in turn may lead to activation of the NADPH oxidase complex. Mitochondrial dysfunction had also been speculated as an element in aminoglycoside ototoxicity, based on the A1555G mitochondrial mutation that conveys hypersusceptibility. A recent study now demonstrates that apramycin, a structurally unique aminoglycoside used in veterinary medicine, shows little activity toward eukaryotic ribosomes, even toward hybrid ribosomes genetically engineered to carry the mitochondrial A1555G allele. The drug, despite being a potent antibacterial, causes only little ROS formation and hair cell damage in cochlear explants and much less hearing loss in guinea pigs in vivo than other aminoglycosides (Matt et al., 2012) . These data strongly support the idea that mitochondrial dysfunction might be linked to excessive formation of ROS and ototoxicity. Furthermore, the dissociation of antibacterial activity and ototoxicity may provide a novel framework for the development of less toxic aminoglycosides.
Pathways of cell death. A redox imbalance sets in motion an intricate network of cellular pathways designed to rescue the cell or ensure its orderly demise.
Compensatory protective pathways operate in the early stages of drug-induced hearing loss (Jiang et al., 2005; Chen et al., 2008) but most research has focused on the modes of cell death. Both necrosis and apoptosis have been documented for aminoglycosides (Nakagawa et al., 1998 ; for a review Forge and Schacht, 2000; Ylikoski et al., 2002) , while cisplatin appears primarily to cause apoptosis in the affected tissues, namely, the outer hair cells in the organ of Corti, the stria vascularis, spiral ligament, and the spiral ganglion cells (Alam et al., 2000; Watanabe et al., 2003; Liang et al., 2005) . Multiple pathways, extrinsic and intrinsic, appear to be involved and specific observations have suggested c-jun N-terminal kinases (JNK) and caspase cascades (Ylikoski et al, 2002; Eshraghi et al., 2007) , as well as the nuclear translocation of endonuclease G (Endo G) and activation of lcalpain (Jiang et al., 2006c) .
Caspase activation, and specifically that of caspase-3, is considered the hallmark of apoptosis. Caspases appear pivotal to cisplatin toxicity, and members of the intrinsic apoptosis caspase cascade are activated after cisplatin Fig. 3 . Cisplatin-induced hearing loss is related to activation of STAT1. (A) Bar graphs depict ABR threshold measured in rats 72 hr after treatment with cisplatin (11 mg/kg i.p.) which was begun 48 hr after transtympanic injection of scrambled RNA or STAT1 siRNA (0.9 ug). (B) Scanning electron microscopy of the basal turn of the cochlea of these rats. The representative figure demonstrates significant damage to outer hair cells (white arrows) by cisplatin, which is prevented by pretreatment with STAT1 siRNA. (C) Quantitation of the scanning electron microscopy data. Bar graphs depict mean 6 SEM. The asterisks indicate statistically significant difference between the STAT1 siRNA þ cisplatin group (**) and scramble þ cisplatin treatment group and the scramble-treated versus the scramble þ cisplatin group (p < 0.05, n ¼ 6). (This figure was published as Fig. 4 in Kaur et al., 2011). treatment. Furthermore, caspase inhibitors and notably caspase-3 and caspase-9 inhibitors effectively prevent cell death from cisplatin exposure (Liu et al., 1998; Wang et al., 2004) . Activation of caspases has also been suggested as a response to aminoglycoside treatment, but support for caspase-3-mediated pathways comes largely from in-vitro studies or high-dose treatment of the chick basilar papilla or vestibular cultures of the guinea pig (Shimizu et al., 2003; Mangiardi et al., 2004) . Adding to the tenuous nature of the results, caspase inhibitors have yielded mixed success in protecting from aminoglycoside-induced cell death (Momiyama et al., 2006; Tabuchi et al., 2007) .
Another branch of caspase signaling is initiated by caspase-8, a protein closely linked to the death domainassociated receptors of the cell membrane, but evidence of caspase-8 involvement in aminoglycoside and cisplatin ototoxicity is limited. Only studies using the HEI-OC1 cell line, derived from postnatal inner ear cells of the immortomouse, found activation of caspase-8 following cisplatin treatment (Devarajan et al., 2002; Jeong et al., 2007) . In other studies, activation of caspase-8 is notably absent. Outer hair cells of the guinea pig organ of Corti were devoid of caspase-8 staining after systemic cisplatin treatment and a caspase-8 inhibitor was unable to protect the OHCs from apoptosis (Wang et al., 2004) , raising questions as to the validity of immortal cell lines (such as HEI-OC1) to reflect mechanisms of ototoxicity (Chen et al., 2011) . Likewise, caspase-8 inhibition was unsuccessful to prevent aminoglycoside-induced cell death (Cunningham et al., 2002; Tabuchi et al., 2007) while caspase-9 and caspase-3 inhibition can protect. Taken together, evidence supports caspase-9 as a predominant upstream signal for caspase-mediated apoptosis.
Consistent with a mitochondrial involvement in cell death pathways, the Bcl-2 family of proteins has been implicated in both cisplatin and aminoglycoside injury. The expression of the anti-apoptotic Bcl-2 is reduced and that of the proapoptotic Bax is increased in auditory hair cells from gerbils treated with cisplatin (Alam et al., 2000) and Bax translocates from the cytosol to the mitochondria (Wang et al., 2004) . In aminoglycoside toxicity, the anti-apoptotic members Bcl-2 and Bcl-X L confer protection (Cunningham et al., 2004; Liu et al., 2007; Staecker et al., 2007; Pfannenstiel et al., 2009) . As a consequence of permeabilized mitochondria, cytochrome c is released and might form the ''apoptosome'' complex along with Apaf1 and caspase-9 complexes. Cytochrome c release is indeed observed both after aminoglycoside treatment (Mangiardi et al., 2004; Matsui et al., 2004) and in cell cultures after cisplatin treatment (Devarajan et al., 2002) . Further, cyclosporin A, an inhibitor of mitochondrial permeability transition pores and, hence, of the release of cytochrome c, alleviates aminoglycoside cochleotoxicity in vitro by way of blocking the mitochondria-mediated caspase cascade (Dehne et al., 2002) .
Caspase-independent apoptosis and necrosis may also be important in aminoglycoside but probably not in cisplatin ototoxicity. Both caspase-dependent and caspaseindependent cell death is observed in a chronic in-vivo model where the onset of cochlear deficits is delayed more than one week after treatment begins and continues to develop after the cessation of treatment. Such a paradigm is of particular interest as it closely models the clinical dosing schedule in humans. In this model, the nuclear translocation of endonuclease G (endo G) and activation of l-calpain (Jiang et al., 2006c) are observed as well as the release of cathepsins into the cytoplasm, inferring lysosomal rupture. Lysosomal destabilization may be the result of l-calpain activation or of an overload of sequestered iron-bound molecules in the lysosome (Jiang et al., 2006a) . Cathepsin-dependent cleavage of the DNA repair enzyme PARP1 ensues, resulting in DNA fragments associated with necrotic cell death. Calpain involvement is supported by the ability of leupeptin, a calpain inhibitor, to reduce hair cell death in utricle explants (Ding et al., 2002) .
Another potentially apoptotic route, the JNK/MAPK pathway, is comprised of stress response kinases that participate in a phosphorylation cascade, which can lead to activation of transcription factors such as c-jun and consequent changes in gene expression. Investigation of the role of JNK in cisplatin ototoxicity by way of JNK inhibitor studies have concluded that JNK may not be involved in cell death, but rather in the repair and maintenance of cisplatin-damaged cells (Wang et al., 2004) . On the other hand, the apoptotic JNK pathway has been directly or indirectly documented in various models of aminoglycoside ototoxicity. In-vitro activation of c-jun is found following aminoglycoside exposure, and is linked to activation of the JNK pathway (Maroney et al., 1998; Ylikoski et al., 2002) . JNK involvement is corroborated by a modest pharmacological attenuation from ototoxicity in the guinea pig inner ear (Ylikoski et al., 2002) and similar protective effects in vitro (Pirvola et al., 2000; Bodmer et al., 2002; Wang et al., 2003; Eshraghi et al., 2007) . The JNK pathway may be activated by small G-proteins (guanine-nucleotide binding proteins), Rho, and Ras. Inhibitors of Ras can protect explant cultures from gentamicin-induced damage and reduce activation of c-jun (Battaglia, 2003) , as can Clostridium difficile toxin B, an inhibitor of Rho, Rac, and Cdc42 (Bodmer et al., 2002b) . Like the caspase pathway, which is likely downstream of JNK activity in aminoglycoside ototoxicity, the involvement of the JNK pathway is characterized primarily in cultured explants with limited studies of its involvement in vivo.
Reflecting the complexity of the cellular responses triggered by ototoxic drugs, several other pathways have been invoked. In the case of cisplatin, evidence for the involvement of the tumor suppressor p53 has been presented in vitro with studies of cochlear cell lines and organotypic cultures of the organ of Corti, which both showed increased p53 expression (Devarajan et al., 2002; Zhang et al., 2003; Cheng et al., 2005) . Inhibition of p53 activity with pifithrin-a in organ of Corti cultures protected the hair cells from damage. (Zhang et al., 2003) . In addition, deletion of the p53 gene prevents cytochrome c translocation, caspase-3 activation, and hair cell death (Cheng et al., 2005) . Also of note, apoptosis in fibrocytes of the lateral wall after cisplatin treatment is accompanied by activation of potassium channels, leading to potassium efflux and reducing intracellular ionic and osmotic strength, effects which can trigger apoptosis by activating proapoptotic enzymes, such as caspases and proapoptotic nucleases. The loss of fibrocytes can then affect ion transport and endocochlear potential generation in the stria vascularis, which in turn may affect other cells within the cochlea (Liang et al., 2005) .
Finally, it has been proposed that several of the metabolic changes induced by ototoxic drugs converge on the nucleus and lead to epigenetic changes, alterations of gene expression without changes to the DNA sequence. Such effects are mediated by the covalent modification of histone core proteins, for example by their acetylation, and generally can lead to disease pathogenesis (see Mohtat and Susztak, 2010) . Aminoglycosides increase the levels of histone deacetylases ) and thereby decrease the acetylation of histones in the nuclei of outer hair cells in mice in vivo and in organotypic cultures (Jiang et al., 2006c) . Implicating epigenetics as part of the overall response to aminoglycoside challenge, inhibitors of histone deacetylases rescue hair cells from ototoxic insult. Histone deacetylase inhibitors likewise can protect in vivo from cisplatin ototoxicity (Drottar et al., 2006) .
Protection from ototoxic effcts. Basically, interventions to attenuate ototoxic side effects take one of two approaches: the augmentation of protective pathways or the inhibition of cell death pathways. The previous sections have already discussed a variety of studies employing such strategies in order to uncover potential causal relationships between drug actions and cell death. We will not reiterate those studies here but focus on results that are translationally promising or already have been clinically tested.
Success in vitro or in animal experiments does not assure success in clinical studies. In cisplatin therapy, there are cautions against certain classes of protective agents that might be effective against ototoxicity in animals but may interfere with therapeutic efficacy. This problem has been much discussed for sulfhydryl-containing compounds, which might chemically interact with cisplatin and inactivate it (Rybak and Whitworth, 2005) . Amifostine is one such compound that protects against peripheral ototoxicity in the hamster (Church et al., 2004) but showed mixed results in clinical trials. No beneficial effect was found in children with germ cell tumors treated with amifostine in combination with cisplatin, etoposide, or bleomycin (Marina et al., 2005; Sastry and Kellie, 2005) . A more recent study, however, established protection in a cohort of patients, specifically pediatric patients with medulloblastoma, reducing the incidence from 37.1% to 14.5% (Fouladi et al., 2008) .
Another agent that shows promise for translation into the clinic is cimetidine, a histamine H 2 -receptor antagonist. It completely protected animals against cisplatininduced auditory threshold shifts, although some evidence of nephrotoxicity persisted. Importantly, cimetidine did not change the therapeutic efficacy of cisplatin on a human acute lymphoblastic leukemia T-cell line (Ciarimboli et al., 2010) . As it is currently an approved drug for the treatment of heartburn and peptic ulcers, it has potential as a clinical antidote against cisplatin ototoxicity. More compounds might become available if local routes of application to the inner ear are considered, eliminating the problem of interference with cancer chemotherapy (Rybak and Whitworth, 2005) .
Antioxidant therapy may be the currently most practicable method of protection against aminoglycosideinduced ototoxicity. A large number of such compounds, some of which are even classified as food supplements, can be safely administered in order to detoxify stressed cells and return them to homeostasis (Rybak and Whitworth, 2005) . A variety of antioxidants show promise in animal experiments and do not interfere with the antimicrobial actions of aminoglycosides, thus providing opportunities for clinical applications. However, caution is warranted here as well, as exemplified by vitamin E which was suggested to protect against aminoglycoside damage in guinea pigs but was ineffective in a clinical setting (Kharkheli et al., 2007) .
On the other hand, at least two compounds have already proven clinically successful: aspirin and Nacetylcysteine. Salicylate, the active principle of aspirin (acetyl salicylate), was first established as an effective protectant in guinea pigs (Sha and Schacht, 1999) , and subsequently aspirin was tested in a randomized doubleblind placebo-controlled trial in patients receiving gentamicin for acute infections (Sha et al., 2006) . Fourteen of 106 patients (13%) met the criterion of hearing loss in the placebo group compared to 3/89 (3%) in the aspirin group, constituting a 75% reduction in risk. Aspirin did not influence gentamicin serum levels or the outcome of therapy. The benefit of aspirin was confirmed in an independently conducted second clinical trial (Behnoud et al., 2009) . N-Acetylcysteine significantly reduced the incidence of hearing loss in a small trial involving patients receiving hemodialysis and gentamicin for bacteremia (Feldman et al., 2007) . An alternative to aspirin is welcome because its use carries a small risk of gastrointestinal problems, and is contraindicated in individuals at risk of bleeding disorders and in children, including the bulk of the population with cystic fibrosis.
The sum of these results clearly indicates that therapeutic protection from drug-induced ototoxicity is feasible and that it is possible, albeit not always, to extrapolate from animal experimentation on ototoxicity to the clinic.
CONCLUSION
The platinum-based anticancer agents and the aminoglycoside antibiotics are two classes of drugs with critical clinical importance. Unfortunately, cisplatin as well as aminoglycosides have the potential to cause sensorineural hearing loss. This is due primarily by damage to outer hair cells, initially in the basal turn of the cochlea. Some aminoglycosides, such as streptomycin and gentamicin, have a proclivity also to damage the vestibular system; cisplatin seems to have a much lower likelihood to do so. Despite the fact that both categories of ototoxic drugs produce oxidative stress in the inner ear as a primary trigger for cell injury, the ensuing cell death pathways appear to differ. Cisplatin mostly initiates apoptosis while aminoglycosides seem to trigger multiple apoptotic and necrotic pathways. Understanding the mechanisms of ototoxicity has already helped to develop novel ways of protection of the cochlea and antioxidants have emerged as promising therapeutic agents. In addition, novel methods of delivery of protective agents should allow selective protection of the inner ear without interference against the desired therapeutic effects of cisplatin and aminoglycoside antibiotics.
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